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Abstract— As battery size decreases due to system size
constraints in miniature Internet-of-things systems, the internal
resistance of the battery increases, resulting in a large IR drop on
the battery voltage, complicating battery supervising functions.
In this paper, we discuss low-power battery voltage supervi-
sors (BVSs) that are capable of handling this increased IR drop.
Battery voltage, battery internal resistance, required threshold
voltages, and power-on-reset delay are discussed. As examples,
two low-power BVSs fabricated in a 180 nm CMOS process are
described.

Index Terms— Battery internal resistance, battery voltage
supervisor (BVS), brown out detector, energy harvester, Internet
of things (IoT), low power, power on reset, wireless sensor node.

I. INTRODUCTION

RAPID advances in miniature Internet-of-things (IoT)
systems have prompted studies investigating their poten-

tial use in new embedded application areas, including medical,
security, and resource exploration [1]–[5]. IoT systems often
include an energy harvester that derives energy from a source
(e.g., a solar cell) and transfers it to a battery, as shown
in Fig. 1. The battery voltage (VBAT) varies over time depend-
ing on the amount of harvested energy versus the system
energy consumption.

To avoid unpredictable circuit behavior and permanent
damage to a battery, a battery voltage supervisor (BVS)
monitors VBAT and only enables the system when VBAT
exceeds a threshold (VON), as shown in Fig. 2. To prevent
oscillation due to circuit noise and error, conventional BVSs
employ two fixed threshold voltages with a voltage difference
of 1–10 mV [6]–[10]. The lower threshold voltage (VOFF)
sets the lowest VBAT at which circuits operate properly and
do not damage the battery. The higher threshold voltage
(VON) provides hysteresis (VHYST = VON − VOFF) to prevent
the system from oscillating between the operation and reset
modes. A voltage regulator cannot be an alternative of BVS
since it does not prevent the battery from being discharged
below the voltage that causes permanent damage to a battery.
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Fig. 1. IoT system with BVS.

Fig. 2. Conceptual BVS operation according to VBAT.

The constant small VHYST in conventional BVSs cannot
handle the VBAT of advanced miniature IoT systems, where
the instant current consumption in the operation mode can be
significantly larger than in the reset mode. In operation mode,
a large instant power is necessary for transmitting data through
a wireless radio link. In reset mode, only a small amount of
power is required for an energy harvester to charge a battery
above VON even in a low-energy environment. For example, the
system introduced in [11] consumes 10 μA as the maximum
in operation mode and less than 2 nA in reset mode. This
significant current difference results in a considerable IR drop
on VBAT. If the IR drop is larger than VHYST, the system
becomes unstable and oscillates between ON and OFF as shown
in Fig. 3. This is because VBAT drops from voltage higher than
VON to voltage lower than VOFF in the operation mode after the
BVS turns ON the system, thus turning the system OFF again.

The impact of the IR drop becomes more noticeable as
the system size decreases since the battery internal resis-
tance (RBAT) increases as battery size decreases, as shown
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Fig. 3. System oscillation due to IR drop on VBAT higher than VHYST.

Fig. 4. RBAT and battery capacity across battery volumes.

in Fig. 4 [12]–[17]. In addition, RBAT increases as a battery
ages over charge/discharge cycles. The increase in RBAT
results from solid-electrolyte interphase growth in the carbon
anodes, a reduced surface area for reactions due to the loss of
active material, and electrolyte degradation. Hence, RBAT has
been used as an indicator of battery health [18]–[20].

The IR drop problem has been an issue for high-power
applications as well due to their large currents. To prevent
system failure, uninterruptible power systems and battery
management systems detect increased RBAT and signal a need
to replace the battery [21]–[26]. In miniature IoT systems,
however, replacing batteries can be difficult due to the sheer
number of IoT nodes or difficulty of access (e.g., medical
implantable device). Thus, it is more important to effectively
use the battery and maximize the system functional time
without incurring system oscillation.

In this paper, low-power BVSs are explored that are able
to handle the increased IR drop on VBAT. A discussion of
VBAT, RBAT, required VHYST, and power-on-reset delay (TPOR)
is included. Also, design techniques and calibration methods
for VHYST are discussed. As examples, two low-power BVSs
fabricated in a 180 nm CMOS process are presented.

The first BVS, referred to as large-constant-hysteresis
BVS (LCHBVS), is designed for a large and constant
RBAT [27]. With a predetermined large VHYST, it solves the

Fig. 5. Conventional BVS.

oscillation problem associated with conventional BVSs. This
design can handle an RBAT of up to 17 k� with 635 pW
power consumption. The second BVS, referred to as adaptive-
hysteresis BVS (AHBVS), is an extension that updates VHYST
according to the RBAT measurement results [28]. It can tol-
erate large and varying RBAT up to 63 k� with a 3.6 nW
power consumption. In the target systems, RBAT changes from
11 to 60 k� after 1000 battery charge/discharge cycles in the
worst case [12]. LCHBVS is designed for the system that
requires less than five battery charge/discharge cycles. The
change in RBAT is negligible in such limited cycles, and 17 k�
is sufficient as the maximum RBAT coverage. AHBVS is
chosen for systems that seek to maximize the lifetime. With
a maximum RBAT coverage of 63 k�, the system can run
for ∼1000 battery charge/discharge cycles.

LCHBVS is a simpler, lower power design than AHBVS,
and thus it can be a good choice for applications that expe-
rience only a small RBAT change. However, LCHBVS can
be inefficient for systems with large and varying RBAT since
the system must wait to be charged to a high VON, reducing
the system functional time. Also, it causes the system to
operate at a higher VBAT, which can accelerate battery health
degradation. AHBVS overcomes these problems by using the
adaptive VHYST technique at the cost of additional circuits
(i.e., RBAT monitor) and 5.7× higher power.

The remainder of this paper is organized as follows.
Section II provides an overview of the BVS design.
Section III discusses the threshold voltages design. Section IV
shows the measured results, Section V discusses calibration,
and Section VI concludes this paper.

II. OVERVIEW OF BVS DESIGN

Conventional BVSs typically include a supply voltage
divider, voltage reference, comparator, and TPOR genera-
tor [6]–[10] as shown in Fig. 5. The divided supply voltage
is compared with a predetermined threshold voltage from a
voltage reference by a comparator. The comparator output
either immediately resets the sensor system or enables it
after TPOR, which provides stabilization time to the circuits.

In addition to the threshold voltages (VON and VOFF) dis-
cussed earlier, TPOR is also an important parameter for a BVS
design. In an IoT system, during TPOR, various power voltage
regulators, references, and clock generators that begin their
operation regardless of BVS operation are stabilized before the
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Fig. 6. Circuit diagram of LCHBVS.

BVS turns ON the system. Thus, TPOR should be determined
by considering the time required for the circuits to stabilize.

For a shorter TPOR, faster delay needs to be generated
and more power is required. Longer TPOR can reduce power
and provide sufficient stabilization time to the system, at
the expense of latency. For example, to meet the low sys-
tem power budget, LCHBVS has 7.2× longer TPOR with
331× lower power compared with the conventional BVS
design. Compared with using a frequency divider and a fast-
frequency clock generator, generating a slow pulse is more
energy efficient. Typically, a delay cell generates a slowly
increasing/decreasing voltage curve with large resistance or
capacitance, and it is connected to a digital logic buffer for
a logic-level output and strong driving ability. However, the
slowly increasing/decreasing voltage at the output of the delay
cell causes large short-circuit current at an output digital buffer
since it does not fully turn OFF PMOS or NMOS transistor(s)
of the buffer. Instead, a ring oscillator with delay cells in [29]
is used in LCHBVS to avoid the short-circuit current issue.

However, AHBVS maintains TPOR at a similar level as
that reported for conventional BVS designs with 58× lower
power. Low standby power is maintained with a power gating
technique after pulse generation.

Power consumption is also critical. A BVS is one of the
few components in a sensing system that continually consumes
power from a battery and therefore should be accounted for
in the system standby power budget. Furthermore, it should
consume less energy than the energy harvested from the
minimum energy environment in order to charge the battery.
For instance, the 8.25 mm2 harvester can provide 300 nW

at 100 lx [30]. The harvester can charge a battery at 100 lx
in the IoT system using LCHBVS or AHBVS due to their
nanowatt power consumption. However, with the conventional
BVS designs, charging a battery may be impossible or may
take at least 2× longer than with LCHBVS or AHBVS due
to higher power consumption.

III. THRESHOLD VOLTAGES (VON, VOFF,
AND VHYST) DESIGN

A. Low-Power Constant VHYST Generation

LCHBVS is designed for a millimeter-scale implantable
pressure sensor that requires less than five battery
charge/discharge cycles to remotely study the mouse
behavior for approximately 2 weeks. During these few
charge/discharge cycles, the change in RBAT is negligible
although the absolute value is high (∼10 k�). However, the
conventional BVSs with 1–10 mV VHYST cannot tolerate the
IR drop of ∼100 mV. Thus, LCHBVS is proposed with a
higher VHYST.

Fig. 6 shows the circuit diagram of LCHBVS, which
consumes 635 pW and is integrated in the system with 2 nA
standby power [11]. In this design, the threshold voltages
are implemented by adjusting the VBAT divider with the
output signal (enable). For a low-power implementation,
a 23-transistor PMOS diode stack is used instead of resistors.
PMOS is chosen instead of NMOS to avoid the body effect
on the threshold voltage by connecting its body to the source.
NMOS can also be used with the deep n-well to remove the
body effect.
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Fig. 7. Simulated impact of process variation and device mismatch on reset
threshold voltages. (a) VON and VOFF. (b) VHYST (=VON − VOFF).

To avoid damaging the battery, VBAT needs to remain above
3.0 V after the initial charging. As shown in Fig. 7(a), VOFF is
chosen as 3.18 V with a 0.18 V margin considering process
variation and device mismatch, and VON is set to 3.35 V
with a hysteresis voltage of 0.17 V to avoid system oscil-
lation between the operation (enable = 1) and reset modes
(enable = 0). This design handles an RBAT of up to 17 k� with
a maximum current draw from the system (IMAX) of 10 μA.

In Fig. 7(a), the distributions of VON and VOFF overlap, but
this does not imply that VHYST can be negative, a situation that
would lead to an unstable system. Instead, positive hysteresis
is guaranteed by the structure of the VBAT divider, which
uses a diode stack and a switch to physically change the
number of transistors connected in series [31]. As shown
in Fig. 7(b), VHYST is always positive even when considering
device mismatch.

The transistor sizes of the diode stack are chosen by limiting
the worst case power condition to less than 10% of the total
LCHBVS power. With the selected sizes, VDIV reaches 0.29 V
in 5 ms in simulation. Thus, VREF should stabilize within 5 ms
to properly generate enable. A leakage-based voltage refer-
ence topology is used for its low power consumption [32].
However, its original implementation employs a large capaci-
tor to ground for decoupling and noise purposes, leading to a
large settling time of 7.3 ms (with 1 pF decoupling capacitor),
which is slower than that observed with the VBAT divider. This
introduces the risk that with a fast rising VBAT, VDIV will
temporarily exceed VREF while VREF is stabilizing, causing a
false reset release that could be fatal to the system operation
(Fig. 8).

Hence, a two-stage reference structure is proposed with-
out the large capacitor to ground. The first stage reference

Fig. 8. False reset release using decoupling capacitor to ground in the
conventional voltage reference.

(M1–M5 in Fig. 6) provides a reference voltage (VREFH) of
approximately 0.6 V by stacking the leakage-based voltage
references. This acts as a voltage preconditioner and generates
a supply voltage for the second reference stage (M6, M7),
as shown in Fig. 6. This decouples the reference from VBAT,
which when combined with the 4× reduced gate length
ensures fast stabilization (0.44 ms), with a total reference
power of 58.6 pW (simulation at 4.2 V).

The settling time of the conventional voltage reference can
be reduced by removing the decoupling capacitor. Without
a 1 pF capacitor at the output, the settling time is decreased
to 2.3 ms, which is 5.2× slower than the proposed reference
but satisfies the requirement from the voltage divider (5 ms).
The conventional approach consumes 44.4% less power
(32.6 pW) than the proposed reference (58.6 pW) since it has
only one current branch. As shown in Fig. 9(a), the integrated
output noise is also 2.3× smaller in the conventional approach
(121 μV) than the proposed approach (278 μV). In both the
references, the highest and second highest noise contributors
are the thermal noises from the top zero-V th transistor (∼60%)
and the bottom high-V th transistor (∼40%), respectively. Both
are in the final stage in the proposed case. The proposed
reference has more integrated noise due to a 4× reduced gate
length, which decreases output resistance and capacitance and
thus increases the bandwidth.

However, the proposed reference improves the line sensi-
tivity, as shown in Fig. 9(b). In the two-stage structure, the
first stage dramatically reduces the effect of supply variation.
As VBAT changes from 1 to 4.2 V, the first stage output
(VREFH) has a line sensitivity of 1.914 mV/V and changes
from 577.8 to 583.9 mV. Although this is worse than the
conventional reference (0.656 mV/V), the supply voltage of
the second stage in the proposed reference only changes by
6.1 mV, giving 292× less line sensitivity in the final output.
Therefore, the proposed two-stage reference is chosen for
LCHBVS despite the 2.3× noise degradation since it offers
a more stable reference voltage due to its low line sensitivity.

Furthermore, the proposed reference provides better power
supply rejection ratio (PSRR) performance than the conven-
tional approach, as shown in Fig. 9(c). The conventional refer-
ence has a PSRR of 64 dB at low frequency, and its decoupling
capacitance at the output decides the cutoff frequency. In the
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Fig. 9. Simulated conventional and proposed voltage reference. (a) Output
noise. (b) Line sensitivity. (c) PSRR.

proposed reference, the fluctuation of the supply voltage is
rejected twice through the two-stage structure, and the PSRR
becomes 113 dB at low frequency. The proposed reference
shows a 6 dB lower PSRR between 300 Hz and 10 kHz
than at lower frequency since the path through Cgd of M4
affects VX (Fig. 6). However, the overall PSRR performance
is compatible with the conventional design using a decoupling
capacitor of 10 pF up to 1 MHz.

Fig. 10. Simulated relative settling time difference (settling time of
VDIV–settling time of VREF). (a) 3.8 V. (b) 4.2 V.

The relative settling time difference between VDIV and VREF
is critical since the race condition of the two signals can cause
an incorrect reset operation. As shown in Fig. 10, VREF always
stabilizes faster than VDIV under simulations of all temper-
atures, voltages, and process and mismatch conditions. The
minimum margin in the worst case condition (80 °C and 4.2 V)
is 65 μs and demonstrates that the design can work properly
when the system starts up.

B. Adaptive VHYST Generation

For general applications that require more charge/discharge
cycles and experience large and varying RBAT, LCHBVS
using a constant VHYST is not efficient, as discussed earlier.
AHBVS overcomes the issues in LCHBVS for the condition
by keeping VHYST low when RBAT is low and increasing it
when RBAT is high to avoid oscillation. Fig. 11(a) shows
the circuit diagram of AHBVS, which updates VON and thus
VHYST by measuring RBAT.

In AHBVS, a diode stack is used to increase the offset of
VHYST (212 mV), similar to LCHBVS for the condition in
which the harvested energy is less than the energy consump-
tion of the system. For fine modification of VHYST (64 values
with 11 mV step), a multiple-output voltage reference with an
analog multiplexer is used. Here, we will focus on how RBAT
is measured to control the voltage reference and adjust VHYST.

As shown in Fig. 11(b), the RBAT monitor consists of a test
current generator, an RC response calculator, and a system
isolation block. The RBAT monitor creates an RC curve to
measure RBAT [Fig. 11(c)]. The test current generator consists
of eight test capacitors (CT 1–CT 8, the same capacitance of CT )
and switches as shown in Fig. 12. Under normal conditions
when RBAT is not measured, the test capacitors are connected
between VBAT and ground in parallel and act as decoupling
capacitors as default. To discharge the test capacitors in
preparation for an RC curve generation, the proposed circuit
stacks the test capacitors, which will be explained later.
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Fig. 11. Circuit diagram of AHBVS. (a) BVS. (b) RBAT monitor. (c) Conceptual operation of RBAT monitor.

After the discharge process, to generate an RC curve, all the
test capacitors are connected to the battery and ground at once.

By drawing the test current from the battery, VCAP generates
an RC curve, which is used to calculate RBAT, as shown

in Fig. 11(c). The RC curve on VCAP is sent to the RC-response
calculator [Fig. 11(b)]. It consists of a diode stack and a
sample and hold circuit to set the reference voltage (VSAMPLE),
a comparator to compare RC response to the reference voltage,
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Fig. 12. Circuit diagram of test current generator.

and an oscillator and a counter to record RC delay. First,
the sample and hold circuit closes a sampling switch such
that the divided VBAT is tracked on a capacitor as VSAMPLE.
Before the RC curve generation, the sampling switch is open
in order to hold the divided VBAT before VBAT drops suddenly
low. Once VCAP generates the RC curve, the counter number
is incremented by the clock of the oscillator until VCAP
crosses VSAMPLE. Then, the digital output of the counter
represents RBAT.

The advantage of using divided VBAT as a reference is that
the measured RBAT becomes insensitive to the absolute VBAT.
The RC curve on VCAP and VSAMPLE can be expressed as
follows:

VCAP(t) = VCAP0 + (VBAT − VCAP0)(1 − e
− t

N RBAT CT )

VSAMPLE = kVBAT

TSAMPLE = −N RBATCT ln

(
1 − VSAMPLE − VCAP0

VBAT − VCAP0

)
. (1)

Here, VCAP0 is the initial voltage of VCAP, N is the number
of test capacitors, k is the division factor of VSAMPLE, and
TSAMPLE is the time taken for VCAP to reach VSAMPLE. In this
design, VSAMPLE and VCAP0 are fixed fractions (k and 1/N)
of VBAT by the diode stack and the discharge process, respec-
tively. Thus, TSAMPLE (thus RBAT measured) is independent
of the absolute VBAT.

During RC curve generation, VBAT can drop too low to
support the circuits. Hence, a system isolation block is added.
Usually, the isolation switch is closed, and the battery supports
the system circuits. However, during RC curve generation, the
isolation switch is open, and the system operates from the
decoupling capacitor for a short duration. In the system where
AHBVS is applied, for a 10% system supply voltage drop,
7 nF decoupling capacitance (measured) is required.

In the discharge process of the test capacitors, the proposed
circuit shown in Fig. 12 gradually stacks the test capacitors
to avoid a large overshoot on VBAT, as shown in Fig. 13.
By disconnecting S1B and S2T and connecting S12, the volt-
age across the capacitors and the charges on the capacitor
are reduced by half. As more test capacitors are stacked,
VCAP is decreased. Once all the capacitors are connected in
series, the discharge process is complete.

Rather than directly discharging the capacitor to ground,
this approach sends the extracted charge to the battery for
recycling. Initially, each test capacitor contains CT VBAT. After
the capacitor stacking process, only (1/8)CT VBAT remains in
the capacitor for reuse.

Instead of generating a rising RC curve, a falling curve
from VBAT to (1/8)VBAT can be used without the discharging
process by stacking all of the capacitors at once. However,

Fig. 13. Voltage across each test capacitor with two different discharging
processes. (a) CT 1. (b) CT 2. (c) CT 3. (d) CT 4. (e) CT 5. (f) CT 6. (g) CT 7.
(h) CT 8.

its time constant is 64× shorter than the proposed approach
due to the total capacitance difference [(1/8)CT versus 8CT ],
which makes RBAT measurement more difficult. Also, the
instant capacitor stacking causes overshoot on VBAT as shown
in Fig. 14, which can damage the battery and system circuits.
The overshoot depends on battery input capacitance (CBAT_IN),
RBAT, and resistance of the switches (RSW). CBAT_IN is the
capacitance between VBAT and ground [Fig. 11(b)]. CBAT_IN
and RSW reduce the overshoot voltage by charge sharing and
energy loss, respectively. RBAT weakens control of the battery
on VBAT and increases the voltage spike. For example, the
overshoot can be 46.8% of VBAT with 63 k� RBAT and 10 pF
CBAT_IN in this design if all of the testing capacitors are
stacked concurrently. The overshoot problem can also occur if
instant stacking is used for the discharging process.

The overshoot depends on the stacking sequence. Fig. 13
shows two different ways to discharge the test capacitors
gradually. In the balanced capacitance stacking, the test current
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Fig. 14. Simulated overshoot on VBAT (a) without RSW and (b) with RSW.

Fig. 15. Simulated voltages across test capacitors after discharging processes.

generator always connects two groups of capacitors, each with
the same number of capacitors. In the unbalanced capacitance
stacking, however, it adds one capacitor to a stack. To find
the voltage across the capacitors, consider two capacitors with
capacitances C1 and C2. They are initially charged to VA

and connected in series, and VA is imposed on the stack.
The charge movement in each capacitor can be expressed as
follows:
C1VA − �Q = C1(VA − VB), C2VA − �Q = C2VB . (2)

Here, �Q is the extracted charge from each capacitor, and
VB is the node voltage between the two capacitors. From (2),
�Q = C1VB and VB = (C2/(C1 + C2))VA. Thus, the voltage
across the capacitors depends on the capacitance of the two
capacitors.

In the balanced capacitance stacking, two capacitors
with matched capacitance are stacked, resulting in constant
voltages, as shown in Fig. 15. In contrast, the unbalanced

capacitance stacking stacks capacitors with different capac-
itance, and the voltages vary. When three capacitors are
stacked, CT 6, CT 7, and CT 8 have (2/3)VBAT, (1/6)VBAT,
and (1/6)VBAT, respectively. By connecting CT 5 on top of
them, the voltage across CT 7 and CT 8 becomes (−1/6)VBAT
according to (1), but the body of NMOS transistors in
the switches prevents a negative voltage. Thus, CT 5 and
CT 6 have (2/3)VBAT and (1/3)VBAT, respectively, while the
other capacitors have approximately zero voltage across them.
Next, a new capacitor with VBAT is stacked, and all the
voltages are reduced by (1/3)VBAT. Again, two capacitors
have (2/3)VBAT and (1/3)VBAT, while the other capaci-
tors have approximately zero voltage. In the final step,
as shown in Fig. 15, CT 1 and CT 2 have ∼(2/3)VBAT
and ∼(1/3)VBAT, and the other capacitors have approximately
zero voltage.

The proposed balanced capacitance stacking is chosen in
AHBVS since it reduces the overshoot compared with the
unbalanced capacitance stacking as shown in Fig. 14. For
example, the overshoot is decreased by 45.7% and 14.2%
compared with the instant and unbalanced capacitance stack-
ing, respectively, with 63 k� RBAT and 10 pF CBAT_IN.
The balanced and unbalanced capacitance stacking methods
have the maximum overshoot on VBAT at the final stacking
step since a decoupling capacitor no longer exists. How-
ever, the proposed approach has less �Q ((1/8)CT VBAT
versus (1/3)CT VBAT), and the battery suppresses the overshoot
faster.

After the discharging process, the energy stored in the eight
test capacitors is reduced from 4CT V 2

BAT to (1/14)CT V 2
BAT

(98% energy loss). However, as shown in Fig. 16, the energy
loss can be reduced by 41%–44% in the proposed gradual
discharging process compared with a method discharging a
single large capacitor without stacking. The proposed tech-
nique sends the charge to the battery when two, four, and
eight test capacitors are connected in series. The overshoot on
VBAT results in energy loss through RBAT. Thus, the energy
saved by the charge recycling depends on the stacking method,
CBAT_IN, and RBAT. This savings can offset the increased
design complexity and power consumption required to manip-
ulate more capacitors. The technique helps send more energy
to the battery and can save the total energy consumption
from the battery, but it does not increase energy stored in
the capacitors.

The number of capacitors (N) and their capacitance (CT )
are decided considering the voltage across the discharged
capacitors, CBAT_IN, discharge process time, and switching
complexity. The voltages over the capacitors are lowered
to VBAT/N . A lower capacitor voltage increases the voltage
range of the RC curve and helps the comparison with the
reference voltage. CBAT_IN is not discharged in the discharge
process as the test capacitors are and maintains a voltage
of VBAT. This reduces the voltage range of the RC curve. In this
design, the total capacitance is limited by the silicon area, and
N and CT are chosen to be 8 and 130 pF, respectively. With
80 pF CBAT_IN (from the used battery), 93.3% of the ideal
voltage range is achieved, as shown in Fig. 17. N is limited to
eight considering design complexity with switches and control.
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Fig. 16. Simulated energy consumption for RC curve generation. (a) CBAT_IN
dependency. (b) RBAT dependency.

In addition, if CT is too small due to a large N , the RC curve
can be disrupted by the capacitance of the switches and the
comparator.

Battery management systems have used RBAT to estimate
the battery state of health or charge [20]–[26], [33]–[37].
Electrochemical impedance spectroscopy measures battery
impedance over a range of frequencies and provides the most
complete battery parameters [33], [34] but requires unneces-
sarily complex hardware only for RBAT measurement.

Instead, RBAT can be calculated from measuring the load
current and the voltage difference between the unloaded VBAT
and the loaded VBAT [20]. The load current is typically
measured using a shunt resistor with low resistance connected
to the battery in series [35]–[37]. However, it requires a high-
resolution ADC to resolve the small voltage across the shunt
resistor.

RBAT can be also measured by connecting the predeter-
mined fixed resistance between the battery and ground and
measuring the voltage ratio between the unloaded VBAT and the

Fig. 17. Simulated loss in the RC curve range across CBAT_IN.

Fig. 18. Die photo of LCHBVS.

loaded VBAT [20]. However, the dynamic range of VBAT is
limited by the power consumption of the added resistance.
Compared with the proposed RC time constant method, these
techniques dissipate power without any ameliorating charge
reuse and also require a division process to compute RBAT.

AHBVS generates VHYST according to the measured RBAT
and the predetermined IMAX taken from design time analysis.
Thus, VON = VOFF + RBAT × IMAX. AHBVS should turn ON

the system when the open-circuit voltage of VBAT equals VON.
Instead, it uses VBAT in reset mode to detect VON due to the
small IR drop in reset mode (∼0.1 mV). The voltage drop
is negligible since the load current in operation mode is at
least 100× larger than that in reset mode.

The predetermined IMAX can include a large margin when
the maximum value of ILOAD is actually much smaller
than IMAX. Also, VHYST can be insufficient when ILOAD is
larger than IMAX. If ILOAD is predictable due to periodic
operations, ILOAD can be monitored during a few operation
cycles and IMAX chosen based on the current consump-
tion profile. However, this runtime approach requires addi-
tional power and complexity for battery current monitoring
(e.g., a shunt resistor and a high-resolution ADC).

IV. EXPERIMENTAL RESULTS

Fig. 18 shows LCHBVS fabricated in a 180 nm CMOS
process. It consumes 635 pW at a 3.6 V supply voltage
as measured by a Keithley 6514 Electrometer and averaged
over 15 dies.
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Fig. 19. VON, VOFF, and VHYST across temperatures with different VBAT
transition speeds (0.25 mV/s and 0.8 V/μs).

Fig. 20. Measured VREF and VDIV. (a) Temperature dependency. (b) VBAT
dependency.

Fig. 19 shows the measured VON, VOFF, and VHYST
across temperatures for two different VBAT transition speeds
(0.25 mV/s and 0.8 V/μs). Both VON and VOFF increase
by 3.6% as the temperature increases from 0 °C to 80 °C. How-
ever, VHYST is maintained at ∼230 mV, which prevents system
oscillation due to IR drop at VBAT. Fig. 20 shows the measured
VREF and VDIV across temperatures and a range of VBAT
values. The proposed two-stage voltage reference provides a
stable VREF over temperature and VBAT variation (307 ppm/°C
temperature coefficient (TC) and 0.42 mV/V line sensitivity).

Fig. 21. Simulated effect of leakage current through n-well to p-subdiodes
on VDIV across temperatures.

Fig. 22. Measured TPOR of LCHBVS across temperatures and VBAT.

VDIV shows a rapid drop as the temperature drops from 70 °C,
but it scales well with VBAT. The TC of VBAT is 424 ppm/°C
between 0 °C and 60 °C, but it increases to 3776 ppm/°C in the
60 °C–80 °C temperature range due to an increased leakage
current between the n-well to the p-substrate over the diode
stack. Fig. 21 shows the effect of the diode leakage current
across temperatures. At higher temperatures, more leakage
current pulls down the internal nodes in the diode stack,
resulting in a lower VDIV. As shown in Fig. 19, VDIV shifts
VON from 3.58 to 3.71 V and VOFF from 3.35 to 3.47 V. Here,
VHYST is maintained although VON and VOFF are increased.
Thus, the higher TC of VDIV at high temperatures does not
cause a critical issue. Fig. 22 shows the measured TPOR in
LCHBVS as a function of the final VBAT and temperature.
It is mainly determined by the oscillator period, and the profile
of TPOR is similar to the inverse of the clock frequency shown
in Fig. 23.

Fig. 24 shows a die photo of AHBVS fabricated in a 180 nm
CMOS process. It consumes 1 nA standby current with power
breakdown as shown in Fig. 25. One-half of the power is
consumed in the continuous comparator in order to rapidly
respond to the updated VON.



LEE et al.: BVSs FOR MINIATURE IoT SYSTEMS 2753

Fig. 23. Measured oscillator frequency across temperatures and VBAT.

Fig. 24. Die photo of AHBVS.

Fig. 25. Power breakdown of AHBVS.

AHBVS is tested with an actual millimeter-size thin-film
battery. Fig. 26(a) shows the desirable VON calculated from
the measured RBAT (Keithley 2400 Sourcemeter) and the
measured VON from AHBVS. RBAT increases from 16 to 55 k�
over 500 charge/discharge cycles. At approximately the

Fig. 26. Measured AHBVS across charge/discharge cycles. (a) Desirable
and measured VON. (b) Error in VON.

Fig. 27. Measured TPOR of AHBVS across temperatures and VBAT.

140th cycle, the monitoring equipment shorts the battery to
ground. It degrades the battery performance and changes the
RBAT considerably. However, AHBVS correctly updates VON

and covers the increased RBAT. Fig. 26(b) shows the maximum
error of 27 mV. The adaptive VHYST enables 2.1× the lower
VHYST in the first cycles (416 versus 867 mV), allowing more
system functional time and a lower operating VBAT.

Fig. 27 shows the TPOR of AHBVS across temperatures
and VBAT, revealing 0.9%/°C TC and 9.7%/V line sensitivity.
Compared with that observed in LCHBVS, the TC is decreased
24.6-fold (0 °C–80 °C) and line sensitivity is reduced 28.5-fold
(3.6–4.2 V) in AHBVS. This improvement is enabled by
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TABLE I

PERFORMANCE SUMMARY AND COMPARISON WITH OTHER WORKS

Fig. 28. Simulated LCHBVS power consumption breakdown across operating
frequencies.

a stable current generation using a resistor instead of sub-
threshold transistors while keeping the standby power low by
power gating.

Compared with the other works listed in Table I, LCHBVS
and AHBVS demonstrate lower nanoampere current consump-
tion, enabling their use in miniaturized battery-operated and
harvesting-capable nodes with aggressive power budgets. The
TPOR of LCHBVS is 7.2× longer than that of the others;
the longer TPOR is dictated by the limited power budget,
as shown in Fig. 28. This long TPOR is acceptable in the
target sensing system since they are implanted or permanently
deployed in physical spaces and therefore the power-ON event
does not occur frequently (e.g., > once per week). For general
applications, in AHBVS, a resistor is used to reduce TPOR to
a similar level as that reported for the other works with higher
levels of power consumption. However, a low standby power
is maintained with a power gating technique.

AHBVS shows an adaptive VHYST, which can change from
0.21 to 1.0 V and handle up to 63 k� RBAT with the
same IMAX. The high default VHYST of 0.21 V is designed
for conditions where the harvested energy is smaller than the
system energy consumption. The other works do not require

this default VHYST since they are designed for systems where
power comes from power suppliers, and energy harvesting
is not considered. Without the default value, VHYST can be
reduced to 27 mV based on the experimental results, and the
relative VHYST in supply voltage (0.75%) is low compared
with that of the other works.

V. CALIBRATION

There can be variation in the capacitance in the RBAT
monitor of AHBVS due to process variation. To measure the
correct RBAT, oscillator clock frequency [Fig. 11(b)] can be
adjusted with a resistor before using a battery. The RBAT
monitor can be connected to a power supply with or without
the off-chip 63 k� resistor (the maximum value) to measure
their RC time constant. The clock frequency needs to be high
enough to obtain desirable resolution. The measured RBAT
with or without the resistor can be used as the maximum and
minimum values, respectively.

For online calibration, adaptive and reprogramming methods
can be used. AHBVS updates VHYST according to RBAT,
which changes over charge/discharge cycles and environmental
conditions as mentioned previously. Instead of online RBAT
measurement, a BVS in general can be reprogrammed depend-
ing on a previous battery study, but errors can occur between
the study result and the characteristics of the used battery.

For the TPOR change at one temperature due to process
variation (e.g., resistance), TPOR can be adjusted by
shorting/opening the segmented resistors, by connecting/
disconnecting the segmented capacitors connected in parallel
CPOR [Fig. 11(a)], or by changing the current mirroring ratio
from IPOR to charging current of CPOR. For TPOR change
across temperatures, TC of VPOR1 and VPOR2 can be tuned in
the similar technique used in [32] to reduce the temperature
dependency of TPOR.

VI. CONCLUSION

In this paper, battery voltage supervisors (BVSs) are
explored as a means of handling a large battery internal
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resistance. A discussion of battery voltage, battery internal
resistance, required hysteresis, power-on-reset delay for dif-
ferent applications, and the respective impact of each spec-
ification on BVS design is included. Two low-power BVSs
fabricated in a 180 nm CMOS process are described as
examples.

REFERENCES

[1] E. Y. Chow, A. L. Chlebowski, and P. P. Irazoqui, “A miniature-
implantable RF-wireless active glaucoma intraocular pressure moni-
tor,” IEEE Trans. Biomed. Circuits Syst., vol. 4, no. 6, pp. 340–349,
Dec. 2010.

[2] M. H. Nazari, M. Mujeeb-U-Rahman, and A. Scherer, “An implantable
continuous glucose monitoring microsystem in 0.18 μm CMOS,” in
IEEE Symp. VLSI Circuits Dig., Jun. 2014, pp. 194–195.

[3] P. P. Mercier, A. C. Lysaght, S. Bandyopadhyay, A. P. Chandrakasan,
and K. M. Stankovic, “Energy extraction from the biologic battery in
the inner ear,” Nature Biotechnol., vol. 30, no. 12, pp. 1240–1243,
Dec. 2012.

[4] Y.-J. Huang et al., “A self-powered CMOS reconfigurable multi-sensor
SoC for biomedical applications,” IEEE J. Solid-State Circuits, vol. 49,
no. 4, pp. 851–866, Apr. 2014.

[5] G. Kim et al., “A millimeter-scale wireless imaging system with con-
tinuous motion detection and energy harvesting,” in IEEE Symp. VLSI
Circuits Dig., Jun. 2014, pp. 178–179.

[6] Ultralow Power, 3-Lead, SOT-23 Microprocessor Reset Circuits,
ADM6326/ADM6328/ADM6346/ADM6348 Datasheet, Analog Devices,
Norwood, MA, USA, 2009.

[7] Ultralow Power, Supply Voltage Supervisor, TPS3831/TPS3839
Datasheet, Texas Instrum., Dallas, TX, USA, Apr. 2013.

[8] 125nA Supervisory Circuits with Capacitor-Adjustable Reset and Watch-
dog Timeouts, MAX16056-MAX16059 Datasheet, Maxim Integr., San
Jose, CA, USA, Apr. 2013.

[9] 200 nA Microprocessor Power Supply Supervisors, CAT8801 Datasheet,
ON Semicond., Denver, CO, USA, May 2010.

[10] Ultra-Low Power Adjustable Supervisor With Power-Fail Output,
LTC2934 Datasheet, Linear Technol., Milpitas, CA, USA, 2008.

[11] Y.-S. Kuo et al., “MBus: A 17.5 pJ/bit/chip portable interconnect bus
for millimeter-scale sensor systems with 8 nW standby power,” in Proc.
IEEE Custom Integr. Circuits Conf., Sep. 2014, pp. 1–4.

[12] Rechargeable Solid Stage Energy Storage: 5 μAh, 3.8 V, EnerChip
CBC005 Datasheet, Cymbet Corp., Elk River, MN, USA, 2012.

[13] Rechargeable Solid Stage Energy Storage: 12 μAh, 3.8 V, EnerChip
CBC012 Datasheet, Cymbet Corp., Elk River, MN, USA, 2009.

[14] Rechargeable Solid Stage Energy Storage: 50 μAh, 3.8 V, EnerChip
CBC050 Datasheet, Cymbet Corp., Elk River, MN, USA, 2009.

[15] Micro Battery, Product Catalogue, Seiko Instrum. Inc., Chiba, Japan,
2014.

[16] ENERGIZER NH15-2300, NH15-2300 Datasheet, Energizer, St. Louis,
MO, USA.

[17] ENERGIZER NH12-700, NH12-700 Datasheet, Energizer, St. Louis,
MO, USA.

[18] P. Weicker, A Systems Approach to Lithium-Ion Battery Management.
Norwood, MA, USA: Artech House, 2014.

[19] H. J. Bergvel, W. S. Kruijt, and P. H. L. Notten, Battery Management
Systems: Design by Modelling. Dordrecht, The Netherlands: Kluwer,
2002.

[20] R. Lajara, J. Pelegri-Sebastia, and J. J. Perez-Solano, “Method for
measuring internal resistance of batteries in WSN,” in Proc. IEEE
SENSORS, Nov. 2014, pp. 1984–1987.

[21] Z. Zhendong, L. Zihan, and H. Nan, “The VRLA battery internal
resistance on-line measuring device,” in Proc. IEEE Int. Conf. Inf.
Manage., Innov. Manage. Ind. Eng., Oct. 2012, pp. 404–406.

[22] A. Perra and J. Aguer, “Advanced battery monitoring and charging
techniques for UPS,” in Proc. IEEE Battery Conf. Appl. Adv., Jan. 1994,
pp. 163–167.

[23] W. Rugang, Y. Zhongliang, and K. Qibin, “Introduction of a new
‘intelligent battery,”’ in Proc. IEEE Int. Telecommun. Energy Conf.,
Sep./Oct. 2014, pp. 1–6.

[24] R. Kumar and N. Khare, “Smart instrument for automotive battery
application,” in Proc. IEEE Int. Conf. Comput. Intell. Commun. Netw.,
Nov. 2012, pp. 671–675.

[25] B. Pattipati, K. Pattipati, J. P. Christopherson, S. M. Namburu,
D. V. Prokhorov, and L. Qiao, “Automotive battery management sys-
tems,” in Proc. IEEE AUTOTESTCON, Sep. 2008, pp. 581–586.

[26] B. B. McKeon, J. Furukawa, and S. Fenstermacher, “Advanced lead–
acid batteries and the development of grid-scale energy storage systems,”
Proc. IEEE, vol. 102, no. 6, pp. 951–963, Jun. 2014.

[27] I. Lee et al., “A 635 pW battery voltage supervisory circuit for
miniature sensor nodes,” in IEEE Symp. VLSI Circuits Dig., Jun. 2012,
pp. 202–203.

[28] I. Lee, Y. Lee, D. Sylvester, and D. Blaauw, “Low power battery
supervisory circuit with adaptive battery health monitor,” in IEEE Symp.
VLSI Circuits Dig., Jun. 2014, pp. 22–23.

[29] I. Lee, D. Sylvester, and D. Blaauw, “A constant energy-per-cycle ring
oscillator over a wide frequency range for wireless sensor nodes,” IEEE
J. Solid-State Circuits, vol. 51, no. 3, pp. 697–711, Mar. 2016.

[30] I. Lee, W. Lim, A. Teran, J. Phillips, D. Sylvester, and D. Blaauw,
“A <78%-efficient light harvester over 100-to-100 klux with recon-
figurable PV-cell network and MPPT circuit,” in IEEE Int. Solid-State
Circuits Conf. Dig. Tech. Papers, Jan./Feb. 2016, pp. 370–371.

[31] J. Guo, W. Shi, K. N. Leung, and C. S. Choy, “Power-on-reset circuit
with power-off auto-discharging path for passive RFID tag ICs,” in Proc.
IEEE Int. Midwest Symp. Circuits Syst., Aug. 2010, pp. 21–24.

[32] M. Seok, G. Kim, D. Blaauw, and D. Sylvester, “A portable 2-transistor
picowatt temperature-compensated voltage reference operating at 0.5 V,”
IEEE J. Solid-State Circuits, vol. 47, no. 10, pp. 2534–2545, Oct. 2012.

[33] A. Christensen and A. Adebusuyi, “Using on-board electrochemical
impedance spectroscopy in battery management systems,” in Proc. IEEE
Electr. Vehicle Symp. Exhibit., Nov. 2013, pp. 1–7.

[34] X. Wang, X. Wei, H. Dai, and Q. Wu, “State estimation of lithium ion
battery based on electrochemical impedance spectroscopy with on-board
impedance measurement system,” in Proc. IEEE Vehicle Power Propuls.
Conf., Oct. 2015, pp. 1–5.

[35] bq27532-G1 Battery Management Unit Impedance Track Fuel Gauge
for bq2425x Charger, bq27532-G1 Datasheet, Texas Instrum., Dallas,
TX, USA, Jan. 2016.

[36] F. Neri and L. Cimaz, “40 nm CMOS ultra-low power integrated gas
gauge system for mobile phone applications,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 60, no. 4, pp. 836–845, Apr. 2013.

[37] S. H. Shalmany, D. Draxelmayr, and K. A. A. Makinwa, “A ±5 A
integrated current-sensing system with ±0.3% gain error and 16 μA
offset from −55 °C to +85 °C,” IEEE J. Solid-State Circuits, vol. 51,
no. 4, pp. 800–808, Apr. 2016.

[38] H.-B. Le, X.-D. Do, S.-G. Lee, and S.-T. Ryu, “A long reset-time
power-on reset circuit with brown-out detection capability,” IEEE Trans.
Circuits Syst. II, Express Briefs, vol. 58, no. 11, pp. 778–782, Nov. 2011.

Inhee Lee (S’07–M’14) received the B.S. and
M.S. degrees in electrical and electronic engineering
from Yonsei University, Seoul, South Korea, in 2006
and 2008, respectively, and the Ph.D. degree from
the University of Michigan, Ann Arbor, MI, USA,
in 2014.

He is currently a Research Scientist with the
University of Michigan. His current research inter-
ests include energy harvesters, power management
circuits, battery monitoring circuits, and low-power
sensing systems for Internet of Things applications.

Yoonmyung Lee (S’08–M’12) received the
B.S. degree in electronic and electrical engineering
from the Pohang University of Science and
Technology, Pohang, South Korea, in 2004, and the
M.S. and Ph.D. degrees in electrical engineering
from the University of Michigan, Ann Arbor, MI,
USA, in 2008 and 2012, respectively.

From 2012 to 2015, he was with the University of
Michigan as a Research Faculty. In 2015, he joined
Sungkyunkwan University, Seoul, South Korea,
as an Assistant Professor. His current research

interests include energy-efficient integrated circuits design for low-power
high-performance very large scale integration systems and millimeter-scale
wireless sensor systems.

Prof. Lee was a recipient of the Samsung Scholarship and the Intel
Ph.D. Fellowship.



2756 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 51, NO. 11, NOVEMBER 2016

Dennis Sylvester (S’95–M’00–SM’04–F’11)
received the Ph.D. in electrical engineering from
the University of California at Berkeley, Berkeley,
CA, USA, in 1999, where his dissertation was
recognized with David J. Sakrison Memorial Prize
as the Most Outstanding Research at Electrical
Engineering and Computer Science Department.

He is currently a Professor of Electrical
Engineering and Computer Science with the
University of Michigan, Ann Arbor, MI, USA,
where he is also the Director of the Michigan

Integrated Circuits Laboratory, a group of ten faculty and over 70 graduate
students. He has held research staff positions with the Advanced Technology
Group of Synopsys, Mountain View, CA, USA, the Hewlett-Packard
Laboratories, Palo Alto, CA, USA, and as a Visiting Professor at the
National University of Singapore, Singapore, and Nanyang Technological
University, Singapore. He has authored over 375 articles along with one
book and several book chapters. He holds 20 U.S. patents. His current
research interests include the design of millimeter-scale computing systems
and energy efficient near-threshold computing.

Dr. Sylvester was a recipient of the NSF CAREER Award, the Beatrice
Winner Award at ISSCC, an IBM Faculty Award, an SRC Inventor
Recognition Award, and the eight best paper awards and nominations.
He is also a recipient of the ACM SIGDA Outstanding New Faculty Award
and the University of Michigan Henry Russel Award for Distinguished
Scholarship. He serves as a Consultant and a Technical Advisory Board
Member for electronic design automation and semiconductor firms in these
areas. He co-founded Ambiq Micro, a fabless semiconductor company
developing ultralow power mixed-signal solutions for compact wireless
devices. He serves on the Technical Program Committee of the IEEE
International Solid-State Circuits Conference and previously served on the
Executive Committee of the ACM/IEEE Design Automation Conference.
He has also served as an Associate Editor of the IEEE TRANSACTIONS

ON COMPUTER-AIDED DESIGN and the IEEE TRANSACTIONS ON VERY

LARGE SCALE INTEGRATION SYSTEMS, and a Guest Editor of the IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS II.

David Blaauw (M’94–SM’07–F’12) received the
B.S. degree in physics and computer science from
Duke University, Durham, NC, USA, in 1986,
and the Ph.D. degree in computer science from
the University of Illinois at Urbana–Champaign,
Champaign, IL, USA, in 1991.

He was with Motorola, Inc., Austin, TX, USA,
where he was the Manager of the High Performance
Design Technology Group. Since 2001, he has been
with the faculty of the University of Michigan,
Ann Arbor, MI, USA, where he is currently a

Professor. He has authored over 450 papers and holds 40 patents. His current
research interests include very large scale integration design with particular
emphasis on ultralow power and high performance design.

Prof. Blaauw was the Technical Program Chair and the General Chair for
the International Symposium on Low Power Electronic and Design. He was
also the Technical Program Co-Chair of the ACM/IEEE Design Automation
Conference and a member of the International Solid-State Circuits Conference
Technical Program Committee.


